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FOUR UNRESOLVED PROBLEMS OF PLANETARY COSMOGONY 

B.  Yu. Levin (1) 

I 

ABSTRACT. The four  unsolved problems are: t h e  o r i g i n  
of t h e  Earth 's  photoplanetary cloud, t h e  condensation of 
matter i n  t h e  cloud ar idfract ionat ion of i ron ,  t h e  accumulation 
of the major p lane ts  and-the d i f f e r e n t i a t i o n  of t h e  Moon. 

Some readers ,  glancing a t  t h e  t i t l e  of t h e  present art icle,  w i l l  immediately - /22* 

ask: j u s t  how many unresolved problems of planetary cosmogony are the re  and what 

problems have already been resolved? The number of unresolved problems is q u i t e  

indeterminate -- i t  depends on how w e  c l a s s i f y  t h e  unresolved questions and 

which of them w e  raise t o  t h e  rank of problems. The same s i t u a t i o n  appl ies  t o  t h e  

resolved questions. 

s i n g l e  resolved problem, namely -- the  c l a r i f i c a t i o n  of t he  question of t h e  

matter from which t h e  planetary system w a s  formed. 

es tab l i shed  t h a t  t he  planetary system w a s  formed from a gas-dust cloud which 

ex is ted  a t  one t i m e  around t h e  Sun. 

and not examine a l l  t h e  possible formulations of t he  problems of planetary 

cosmogony. 

Therefore,. I s h a l l  l i m i t  myself t o  pointing ou t  j u s t  one 

It has now been f i rmly 

This makes it poss ib le  t o  avoid confusion 

Rather, w e  can formulate a prec ise  and clear research plan and know 
prec ise ly  which problems are fundamental and most important. 

-_  

I n  t h e  present art icle,  w e  s h a l l  examine the  following four  unresolved prob- 

l e m s :  

cloud and t h e  f r ac t iona t ion  of iron; t h e  accumulation of g i an t  p lane ts  and,Finally, 

t h e  o r i g i n  of t h e  protoplanetary cloud; t h e  condensation of matter i n  t h e  
- ____ -- 

- - -_ _- -- - ----- - _ _ _ _  

~_ * 
Numbers i n  t h e  margin i n d i c a t e  t h e  pagination i n  t h e  o r i g i n a l  fore ign  text. 
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t h e  d i f f e r e n t i a t i o n  of t h e  Moon. The f i r s t  two problems are the  most important 

-- without solving them it is  d i f f i c u l t  t o  move ahead i n  any of t he  o ther  f i e l d s  

of 'planetary cosmogony. 

are used t o  i l l u s t r a t e  t h e  g rea t  va r i e ty  of questions which are encountered. 

The last two problems are more s p e c i f i c  i n  na ture ,  and 

FORMATION OF THE PLANETS FROM A GAS-DUST CLOUD 

It is he lp fu l  t o  recall the  bas i c  hypotheses on which t h e  modern ideas  con- 

cerning the  o r i g i n  of t he  p lane ts  from t h e  gas-dust cloud are based. 

t h e r e i s  an o ld  argument, da t ing  clear back t o  Kant and Laplace, and r e l a t i n g  t o  

t h e  movement of a l l  t h e  p lane ts  along approximately c i r c u l a r  o r b i t s  which l i e  

i n  a s i n g l e  plane. 

w a s  dominant by having t h e  planetary o r b i t s  c i r cu la r i zed  by a r e s i s t i n g  medium 

were not productive, s ince  f o r  bodies of planetary scale the re  is no r e s i s t i n g  

medium i n  t h e  sense of aerodynamics and hydrodynamics, when t h e  medium is 

purely resistive. 

t i m e  a n u t r i e n t  medium: f o r  s i g n i f i c a n t  o r b i t  c i r cu la r i za t ion ,  t h e  mass of t h e  

p lane t ,  o r  more p rec i se ly  t h e  mass of i t s  aucleus, must increase  several fo ld ,  

i.e., t he re  must ac tua l ly  be  t h e  formation of a p lane t  from t h i s  medium. 

F i r s t  of a l l ,  

Attempts t o  explain t h i s  i n  t h e  t i m e  when Jean's theory 

Under astronomical conditions, t h e  medium is a t  t h e  same 

- 

Another hypothesis is t h e  d iv is ion  of t he  p lane ts  i n t o  two groups: t h e  

s m a l l  p lane ts  of t h e  Earth type and the  g ian ts .  It has long been known t h a t  

blobs of incandescent s o l a r  matter, i f  they were t o r n  from t h e  Sun, should f l y  

of f  i n t o  space. 

i a t i o n  with respect  t o  composition i s  impossible: selective elimination of only 

t h e  l i g h t  elements while r e t a in ing  the  heavier elements is not possible. 

I f  we consider cold massive blobs, then i n  t h i s  case d i f fe ren t -  

On 

123 t h e  Earth t h e r e  is a d e f i c i t  of t he  i n e r t  gases, amounting t o  about lo3 - 10 - 
f o r  xenon, t he  heaviest  of t h e  i n e r t  gases, i n  comparision with the  cosmic 

abundance, and reaching l o l o  - 10 

indica tes  t h a t  t h e  Earth was  accumulated from s o l i d  bodLes and gases d id  not 

p a r t i c i p a t e  i n  t h i s  formation. I f  t he re  had i n i t i a l l y  been a blob of matter 

of s o l a r  composition, then t h e  i n e r t  gases, and p a r t i c u l a r l y  heavy xenonp.cauld 

not have been s e l e c t i 2 e l y  sca t t e red ,  p a r t i c u l a r l y  t o  such a degree. 

11 for t h e  l i g h t e r  elements such as neon. This 

~ 



On t h e  o ther  hand, t he  presence i n  t h e  Earth and meteorites of such moder- 

a t e l y  v o l a t i l e  elements as cadmium, zinc, and mercury shows t h a t  t h e  Earth and 

t h e  parent bodies of t he  meteorites were formed from cold p a r t i c l e s ,  s ince  

these  elements would have been l o s t  from hot  pa r t i c l e s .  

meteorites,, t h e r e  are a l s o  many o ther  arguments i n  favor of t h e  hypothesis 

t h a t  they are t h e  product of t h e  accumulation of cold matter. 

da t a  ind ica t e  t h a t  t h e  p lane ts  were formed from a cold circumsolar gas-dust 

cloud. 

With regard t o  the  

Thus, a l l  t h e  

_--... 

J O I N T  FORMATION OF THE SUN AND PROTOPLANETARY CLOUD 

The su rp r i s ing  d i s t r i b u t i o n  of t h e  angular momentum between t h e  Sun and t h e  

p lane ts  (98% i n  the  p lane ts )  l e d  Shmidt t o  the  supposition t h a t  t h e  matter f o r  

t h e  formation of t h e  p lane ts  w a s  captured by t h e  Sun from i n t e r s t e l l a r  matter. 

The p o s s i b i l i t y  of such capture (by various mechanisms) has been repeatedly 

confirmed by numerous s tudies .  However, t he  d i f f i c u l t y  i n  explaining the  f a c t  

t h a t  t h e  Sun r o t a t e s  i n  t h e  same d i r ec t ion  i n  which t h e  p lane ts  revolve i n  t h e i r  

o r b i t  around t h e  Sun, with t h e  a x i s  of revolution near ly  perpendicular t o  t h e  

planetary o r b i t a l  plane, still  remains unresolved. I f  w e  assume t h a t  t h i s  is 

t h e  r e s u l t  of f a l l o u t  of p a r t  of t h e  cloud matter onto the  Sun, then w e  f i n d  

t h a t  p r i o r  t o  t h i s  f a l l o u t  t h e  Sun had p r a c t i c a l l y  no ro ta t ion .  But t h i s  is 

d i f f i c u l t  t o  reconci le  with any hypothesis of t h e  Sun's formation. 

A s  long as 20 years ago many investigatorsiadicatedthat the  Sun and t h e  

protoplanetary cloud were formed j o i n t l y ,  i n  a s i n g l e  process. 

same t i m e  t h e  o r i g i n  of t h e  Sun i t s e l f  remained so unclear t h a t  t h i s  hypothesis 

could not b e  concretized. 

But at  t h e  

During the  last  decade, t h ree  hypotheses have appeared i n  which t h i s  j o i n t  

 formation is  concretized i n  one way o r  another, and approaches are indica ted  

which may lead t o  t h e  so lu t ion  of t h e  problem of t h e  d i s t r i b u t i o n  of t h e  angular 

momentum between the  Sun and the  planets .  

have appeared which favor  t h e  theory t h a t  t h e  protoplanetary' cloud a c t u a l l y  

Moreover, during t h i s  decade arguments 

- 
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was formed together with the  Sun. 

f i e l d  of nuclear physics. 

The f i r s t '  group of arguments relates t o  the  

Lithium, beryllium, and boron are present i n  the matter of t he  Earth and the  

meteorites.  These elements are not formed i n  thermonuclear react ions i n  t h e  

i n t e r i o r  of t h e  stars; conversely these elements are consumed there  and other  

ways must be found t o  explain t h e i r  existence. 

atmospheres of stars of the  T Tauri type and stars with magnetic ac t iv i ty .  A s  

e a r ly  as the mid-f i f t ies  i t  w a s  suggested tha t  t he  formation of these elements 

is associated with the  processes of electromagnetic acce lera t ion  of p a r t i c l e s  i n  
atmospheres of such stars with s p l i t t i n g  of the  heavier nuc le i  by impacts of 
f a s t  pa r t i c l e s .  

Lithium has been detected in the  

- -- 

The f i r s t  concret izat ion of t h i s  idea w a s  given i n  1962 by Fowler, Greenstein, 

and Hoyle. 

of L i ,  B e  and B we must explain why the isotope r a t i o  f o r  L i  and B d i f f e r s  

q u i t e  markedly from unity.  

both isotopes should be formed i n  about equal quant i t ies .  

L i  and B isotopes have l a rge  cross sec t ions  f o r  nuclear  react ions with thermal 

neutrons. Therefore, t he  authors proposed the  hypothesis i n  accordance with 

They s t a r t e d  from the f a c t  t h a t  i n  addi t ion t o  the  very existence 

These authors believed t h a t  i n  the  s p l i t t i n g  process 

However, t h e  def ic ien t  

which the formation of L i ,  Be ,  B w a s  sh i f t ed  from the Sun i t s e l f  i n t o  the  i cy  

planetisimals of approximately meteor dimensions, which w e r e  bombarded by 

energet ic  protons emitted by the  youthful Sun. 
- -  

In  the  course of t he  s p l i t t i n g  process there  appeared f a s t  neutrons, 

which the authors believed were retarded and became thermal neutrons because 

of the  presence of i c e  ( i .e . ,  hydrogen) i n  the  planetesimals and then reacted with 
L i  and B t o  create the isotope r a t i o  which is observed. But i t  was  found tha t  

these  processes should have l e d  t o  formation i n  the  matter which was bombarded 

of a quant i ty  of deuterium (H ), which is  an order of magnitude grea te r  than 

t h a t  ac tua l ly  observed. 

q u i t e  l a rge  and only t h e i r  ou te r  l aye r s  were subjected t o  bombardment, and 

2 

Therefore, it was  assumed tha t  the  planet is imals  were 
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then the  bombarded matter w a s  mixed up with t h a t  which had not been bombarded. 

I t , w a s  i n i t i a l l y  assumed t h a t  one ten th  of t h e  matter was  bombarded, bu t  later 

t h i s  f i gu re  w a s  reduced t o  one twentieth. 

However, t h i s  hypothesis ran i n t o  insuperable d i f f i c u l t i e s  i n  explaining 

why i n  the  Earth and t h e  meteorites t h e  elements which have a l a r g e r  cross  

sec t ion  with regard t o  neutrons ( i n  c e r t a i n  cases t h i s  appl ies  only t o  

ind iv idua l  isotopes)  are present i n  the  same abundance and with the  same 

i so top ic  composition. It w a s  found t h a t  i n  t h e  zone where t h e  Earth w a s  formed 

and i n  the  zone where the  meteorites were formed t h e  bombardment w a s  f o r  some 

reason of t h e  same i n t e n s i t y  and a l l  t h e  

r e s u l t  of t he  bombardment a l s o  were the  same. This l e d t h e a u t h o r s  themselves 

t o  question t h e i r  hypothesis. 

o ther  conditions which def ine  t h e  

I n  general  the  da t a  on t h e  i so top ic  composition of gadolinium, europium, 

and samarium exclude t h e  p o s s i b i l i t y  of any processes with p a r t i c i p a t i o n  of 

t h e  slow neutrons taking p lace  i n  t h e  protoplanetary cloud. 

Gd, Eu, and Sm, having tremendous slow neutron capture c ross  sec t ion ,  would 

have t o  be  present i n  sharply reduced quan t i t i e s ,  which is not observed 

e i t h e r  i n  t h e  Earth o r  meteorites e 

The i so topes  of 

(1) 

A study by Bernas, Gradstein, Reeves, and Schatzman appeared i n  1967, 

i n  which they returned t o  t h e  o r i g i n a l  idea  of t he  formation of L i ,  Be ,  and B 

i n  t h e  stellar atmospheres. I n  t h i s  case t h e  authors have i n  mind t h e  ou te r  

l aye r s  of t h e  protosun, where t h e  temperature w a s  2 - 4 mil l ion  degrees and 

where the  formation of these  elements took place more rap id ly  than t h e i r  

consumption. The authors relate t h e  formation of L i ,  Be ,  B e i t h e r  t o  t h a t  time 

when our Sun w a s  going through t h e  last s t a g e  of cont rac t ion  and w a s  similar 

This question has been discussed previously i n  OUT journa l  (see 
Priroda,  No. 11, 1963, p. 26). The previous art icle a l s o  presented some ideas  
on poss ib le  ways t h e  l i g h t  elements could have been formed. (ed), 

5 



t o  stars of the  T Tauri  type o r  even t o  the  hypothetical  prestellar s tage,  

the  so-called Herbig-Haro s tage,  when the stars s t i l l  do not have any marked 

b r i l l i a n c e .  

Formation of deuterium i n  the  prestellar s tage is  not possible,  and 

Schatzman suggested i n  1967 t h a t  deuterium w a s  formed somewhat l a t e r ,  not i n  

t h e  protosun atmosphere,but i n  the i n t e r i o r  of t he  protoplanetary cloud as 

a r e s u l t  of s p l i t t i n g  of the helium nucle i  by so la r  protons. I n  order f o r  

such a process t o  occur,the i n t e r i o r  of t he  cloud would have had t o  lo se  hydro- 

gen f o r  10 

had terminated. 

5 years u n t i l  the  intense corpuscular emission of t he  youthful Sun .* 

I n  order f o r  a l l  these processes t o  take  place t h e  planets  would have had 

t o  have been formed not from matter captured from somewhere outs ide,  but  

ra ther  from matter which w a s  separated from the protosun i n  the  course of i t s  

contraction. 

Another group of arguments i n  favor of j o i n t  formation of the Sun and the  

protoplanetary cloud relates t o  the  thermal h is tory  of the  parent bodies of 

the  meteorites. 

s t age  and then cooled slowly. 

:of 450 7OOOC i n  the  metallic phase of t he  meteorites. A t  - t h i s  t i m e  the  

nickel i ferous i r o n  broke down i n t o  the  a - and y -phases with d i f f e ren t  n icke l  

content and the n icke l  diffused from one phase i n t o  the  other.  Several years 

ago Borovskii and Yavnel were the f i r s t  t o  use x-ray s p e c t r a l  microanalysis 

t o  f ind the  d i s t r ibu t ion  p r o f i l e s  of n icke l  i n  t a e n i t e  ( the Y-phase, enriched 

with nickel) .  

The diffusion rate w a s  reduced, and therefore ,  the  edges of t he  t a e n i t e  bars  

contain f a r  more n icke l  than t h e  c e n t r a l  pa r t s ,  t o  which the  n icke l  w a s  no t  

ab le  t o  d i f fuse  (Figure l), 
t he  edge toward the center  character izes  t h e  rate of cooling i n  the  temperature 

region of order 500°C. 

These bodies undoubtedly passed through the high temperature 

Widmanstatten f igures  were formed at  temperatures 

The d i f fus ion  took place under decreasing temperature conditions. 

The ,steepness of the  concentration reduction from 



* j  
I ;  

Figure 1. Widmanstatten f igu res  
on polished and etched sur face  of 
i r o n  meteorite (above). Distribu- 
t i o n  of n i cke l  i n  t a e n i t e  (below): 
measured n i cke l  d i s t r i b u t i o n  p r o f i l e  
on t h e  r i g h t ,  t heo re t i ca l  p r o f i l e s  
ca lcu la ted  f o r  d i f f e r e n t  cooling rates 

Comparision of t he  t h e o r e t i c a l  

n i cke l  p r o f i l e s  calculated f o r  d i f f e r -  

e n t  values of t h e  cooling rate with 

t h e  measured p r o f i l e s  makes i t  pos- 

s i b l e  t o  determine t h e  cooling rate 

of an i r o n  meteorite with t h e  Widman- 

s t a t t e n  s t r u c t u r e  (Figure 1) o r  a m e t e -  

o r i t e  with i r o n  inclusions.  It w a s  

found t h a t  t h e  cooling of t h e  majority 

of meteorites had taken p lace  with a 

rate from a few ten ths  of a degree t o  

10 degrees per mi l l ion  years. 

sequently, t h e  cooling took place i n  

t h e  i n t e r i o r s  of bodies of dimensions 

from a few t ens  t o  a few hundreds of 

kilometers. The s teeper  p r o f i l e s  

which are sometimes encountered seem t o  

i n d i c a t e  higher cooling rates and r equ i r e  

bodies of dimensions of 10  km o r  less. 

However, such rates are f i c t i t i o u s  

and are associated with t h e  separation 

- 

Con- 

of t h e  n icke l i fe rous  i ron  i n t o  phases 

under supercooled conditions. Thus, t h e  

determination of t he  cooling rates of 

meteorites i n  t h e  i n t e r i o r s  of t h e i r  

parent bodies made i t  poss ib le  t o  

estimate the  dimensions of these  bodies. 

For bodies of such dimensions t h e r e  is 

no p o s s i b i l i t y  of t h e i r  hea t ing  by long- 

on t h e  l e f t .  
depth ( i n  microns), o rd ina te  is 
n icke l  content ( i n  weight X ) .  

Abscissa is t h e  s r ruc ru re  

l i v e d  rad io  active elements. 

The long-lived rad ioac t ive  elements potassium, uranium and thorium are not 

capable of hea t ing  bodies of such small dimensions. As soon as t h e  temperature 
9 

7 



increases by a few tens of degrees the  heat  l o s s  begins t o  exceed the  hea t  input.  

K,  U, and Th can only hea t  bodies with 

(Figure 2). 

S m a l l  bodies could be heated by A 

quan t i t i e s ,  s ince  its h a l f - l i f e  is less 

such rates of decomposition t h e  heat re 

diameters of 500 km or  more 

26 i f  it were present i n  s u f f i c i e n t  

than a mi l l ion  years. But, even with 

ease rate exceeds the  rate of heat  
” 

diss ipa t ion  i n t o  space only i n  bodies of dimension greater ,than 50 km. Even 

cannot hea t  bodies of smaller dimensions (Figure 3). 

- /26 

The question arises of where the  could come from. I n  ga l ac t i c  

synthesis ,  judging by the  neighboring s t a b l e  isotopes,  is formed i n  a 

quant i ty  such t h a t  no more than 4 - 5 mi l l ion  years should pass from the  t i m e  

of i t s  formation t o  the formation of t he  parent bodies of the  meteorites f o r  it 

t o  be ab le  t o  heat  them. This t i m e  is very short  and is  i n  d i r ec t  contradict ion 

with the  estimates of t h i s  same t i m e  i n t e r v a l  made on the  bas i s  of the  r a t i o  

of the o r ig ina l  content of radioact ive JI2’ and its decompdsition product -- 
excess XeI2’, and a l so  on the  bas i s  of estimates of the  o r ig ina l  P I ~ ~ ~ ~  content 

and the product of its decomposition -- excess Xe136. 

elements show tha t  from 50 t o  200 mil l ion years  (depending on the  assumptions 

with regard t o  the  i n i t i a l  composition of the  cosmic matter -- the  content i n  
t h i s  matter of JI2’ and P ~ ~ ~ ~ ) p a s s e d  from the  explosion of the supernova which 

gave b i r t h  t o  t h e  JI2’ and Pu244 u n t i l  t he  beginning of t he  accumulation of 

t he  products of t h e i r  decomposition i n  the  parent bodies of the  meteorites. 

Estimates f o r  these 

But, i t  w a s  found tha t  the  same process which l ed  t o  the  deformation of L i ,  Be, 

and B a l so  leads t o  the formation of Alasa 

passed from the  formation of the  t o  t h e  formation of the parent bodies, 

then the  amount of would have been s u f f i c i e n t  t o  heat  the  parent bodies 

of the  meteorites t o  a temperature of about 1000°. We can assume t h a t  t he  

heat ing ac tua l ly  amounted t o  about 500OC. 

- 

Moreover, i f  a very shor t  t i m e  

An in t e re s t ing  new p o s s i b i l i t y  f o r  heat ing the  parent bodies of t h e  

meteorites has appeared recently.  This is  t h e  hypothesis t h a t  the youthful 
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Figure 2. Time var ia t ion  of temperature a t  the center  of 
as te ro ids  of 
radioact ive elements -- uranium, thorium, and potassium 
(calculat ion by S. V. Maeva.) 

d i f f e ren t  s i z e  R, heated by long-lived 

Sun should have emitted a s o l a r  wind mil l ions of timesmore intense than t h a t  8 

emitted at the  present t i m e ,  which could possibly have car r ied  away a mass 

amounting t o  ha l f  the present mass of the  Sun. 

of t he  American s c i e n t i s t s  Sonnett, Colburn, and Schwartz, t h i s  s o l a r  wind 

w a s  capable, i f  nonuniform, of creat ing inductive heat ing i n  the  planetary 

bodies. 

bodies of dimensions of hundreds of kilometers located i n  the  as te ro id  zone t o  

temperatures of the order  of 

According t o  the ca lcu la t ions  

According t o  t h e i r  calculat ions the  youthful Sun could have heated 

1000°C o r  more. 

However, t he  bodies themselves must have had a i n i t i a l  temperature of 

about 5OOOC i n  order t o  have adquate i n i t i a l  e l e c t r i c a l  conductivity. How can 

9 



Figure 3. T i m e  va r i a t ion  of temperature a t  the center  of 
as te ro ids  of d i f f e ren t  s i z e ,  heated by short-l ived isotope 
A126 (calculat ion by S. V. Mayeva). Shaded area corresponds 
t o  temperature range of possible  A126 content. 

such a temperature be a t t a ined?  

i n  Table 1 as an example. I f  we take a somewhat higher electrical conductivity 

and assume a steeper  temperature dependence of the  conductivity, then t h i s  

same heating could be obtained even with an i n i t i a l  temperature of 300OC. 

But even a temperature of 300°C is too high i n  the a s t e ro id  zoneo 

can be  of help. 

heat ing mechanism takes over. 

The authors consider t h e i r  calculat ion shown 

26 

It can hea t  t he  body t o  300 - 5OO0C, and then the induct ive 

Here AI 

In e i t h e r  case, both the  heat ing mechanism and induct ive heating 

requi re  t h a t  the protoplanetary cloud and even the  parent bodies of the  meteor- 

ites be formed a t  the t i m e  when the  'Sun'was s t i l l  young, i .e . ,  t h i s  must have 
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TABLE EXAMPLE OF INDUCTIVE been a process associated with the  OF BODIES I N  THE ASTEROID ZONE (a = 
2.5 A.U., T = 2 0 1 0 ~  y r s ) .  formation of t h e  Sun i t s e l f .  

- 

Body 
radius 

(km) 

1500 
1000 
500 
300 
150 
100 
75 
50 

335 
332 

,323 
320 
319 

328 

316 

652 
577 
538 
498 

1063 
1181 
1813 
1265 
1030 
920 
855 
770 

I I I I I 

THREE HYPOTHESES ON THE O R I G I N  

Thus, there  is  some b a s i s  t o  bel ieve 

t h a t  j o i n t  formation of t he  Sun and the  

protoplanetary cloud ac tua l ly  did take 

place. - 

OF THE PROTOPLANETARY CLOUD 

The f i r s t  of the modern hypotheses w a s  s t a t e d  by Hoyle i n  Moscow a t  t h e  

In te rna t iona l  Astronomy Congress i n  1958 and published i n  1960. According 

t o  Hoyle's hypothesis, t he  ro t a t ing  and contract ing protosun became rotat ion-  

a l l y  unstable when i ts  radius  dropped approximately t o  the  radius of Mercury's 

o rb i t .  Separation of matter from the  Equator of t he  l en t i cu la r  protosun took-'--/27 - 
place. As soon as the  Sun (more precisely,  t he  protosun), contract ing still  

fu r the r ,  accelerated i t s  ro t a t ion  with r e l a t i o n  t o  the  separated matter, magne- 

t i c  re ta rda t ion  of the  Sun's ro ta t ion  developed as a r e s u l t  of t he  f a c t  t ha t  

i ts magnetic f i e l d  created coupling between the  Sun and the  separated matter. 

___-_ 

The magnetic coupling re ta rd ing  the  ro t a t ion  of the  Sun f i r s t  brought it 

out of the state of r o t a t i o n a l  ins tab i l i ty ,and  thereby terminated fu r the r  

separation of matter and, second, transmitted angular momentum t o  the  separated 

matter, forcing i t  t o  move away and propagate over t he  e n t i r e  space of t he  

present-day planetary system. Thus, according t o  Hoyle, t he re  developed a 

protoplanetary cloud from which the  planets  were later formed (Figure 4). 

We see i n  Figure 4, t h a t  the  magnetic l i n e s  of fo rce  are twisted i n t o  

s p i r a l s ,  and the Sun as i t  ro t a t e s  p u l l s  behind itself t h e  separated matter 

thereby t ransmit t ing angular momentum t o  t h i s  matter. 

f o r  a reason which. is not clear the re  must have been not  only recession of 

The d i f f i c u l t y  is  t h a t  

11 
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PROTOSUN 

. . . . .... . .- ~ . . ._ . .. . - . . .  

Figure 4. Scheme f o r  transmission of angular momentum from 
protosun t o  separa t ing  matter as a r e s u l t  of magnetic coupling 
(Hoyle's hypothesis): s ec t ion  perpendicular t o  the  protosun's 
Equator on t h e  l e f t ,  projection on the  plane of t h e  cloud on 
the  r igh t .  

t h e  r ing  of separated matter, but a l s o  i t s  propagation over the  e n t i r e  space 

of the  modern planetary system. Hoyle explains t h i s  by turbulent  f r i c t i o n .  

But he  knows t h a t  t h i s  ana lys i s  is not j u s t i f i e d ,  s i n c e  a sca t t e red  medium 

with Keplerian v e l o c i t i e s  of the  r o t a t i o n a l  motion must be s t a b l e  with regard 

t o  t h e  onset  of turbulence, and therefore  - -_ must - - have -. -. __ laminar ____ - - flow. - - 
- _ _ - _  - - _ -  __ - - - -  -- ___ 

_ .  - ~ -  - 

How could the  separated matter have' propagated over t h e  e n t i r e  space of 

the  s o l a r  system? 

hypothesis. 

This appears t o  b e  t h e  most unclear question i n  Hoyle's 



A second hypothesis w a s  proposed by t h e  American as t rophys ic i s t  Cameron, 

who d id  not agree with Hoyle's hypothesis on the  b a s i s  t h a t  Hoyle chose 

sun having t h e  required mass and t h e  required angular momentum. 

chose 

with m a s s  2 - 4%, 

of matter begins a t  a rad ius  exceeding t h e  radius  of P lu to ' s  o r b i t .  

a proto- 

Cameron 

a t y p i c a l  nebula with typ ica l  angular momentum. H e  examines a nebula 

which has a r o t a t i o n a l  ve loc i ty  such t h a t  t h e  separa t ion  

- 
Moreover, Cameron considers t h a t  the  pro tos ta r  does not r e s t r u c t u r e  itself 

o r  alter its i n t e r n a l  s t r u c t u r e  i n  the  course of t he  separation of t h e  matter, 

r a the r  t h e r e  i s  simply a separation of t h e  outer  portions of t he  matter i n  
cy l ind r i ca l  layers .  A q u i t e  surpr i s ing  d i s t r i b u t i o n  of 

obtained. Although t h e  dens i ty  of t h e  matter increases toward t h e  center ,  

t h e  shortening of the  length of t he  circumference of t h e  annular zones of t h e  

same width leads t o  a s i t u a t i o n  i n  which the  l a r g e r  por t ion  of t h e  mass is  
a t  the  periphery of t h e  disk. 

present-day o r b i t  of t he  Earth t h e  o r i g i n a l  mass must have been less than 

t h e  mass of t h e  Sun. There is p r a c t i c a l l y  no condensation i n  the  center  -- 
no Sun. All t h e  matter has moved i n t o  t h e  d i sk  and only later,  as a r e s u l t  

of processes taking p lace  i n  t h i s  disk,  does p a r t  of t h e  matter f a l l  t o  t h e  

center ,  forming the  Sun. The o ther ,  l a r g e r  p a r t  w a s  s ca t t e r ed  i n t o  space. 

Only a very s m a l l  f r a c t i o n  of t he  t o t a l  m a s s  of t he  matter w a s  gathered i n t o  

t h e  planets .  It is  not a t  a l l  clear how t h i s  process took p lace  o r  j u s t  what 

defined t h a t  very small f r a c t i o n  of t h e  mass which w a s  gathered together i n t o  

t h e  planets .  Moreover, i n  t h e  Cameron hypothesis t h e  Sun is formed a f t e r  t h e  
2 26 protoplanetary cloud, and i t  is not at  a l l  clear where L i ,  Be,  B,H and A 

came from t o  appear i n  t h e  cloud and later form p a r t  of t he  composition of t h e  

p lane ts  

- /28 

matter in.  t h e  d i sk  is 

- 
According t o  Cameron's scheme, i n s i d e  the  

Final ly ,  t h e  t h i r d  hypothesis is t h a t  of Schatzman (1967) which w a s  pro- 
2 posed i n  connection with h i s  hypothesis on the  formation of H 

He. 

by s p l i t t i n g  of 

I n  essence, t h e  Schatzman hypothesis reactivates t i e  Laplace hypothesis. 

It a l s o  has much i n  common with the  Hoyle hypothesis. Here again t h e r e  is - 129 
cen t r i fuga l  separa t ion  of a s m a l l  mass of t h e  protoplanetary cloud; however, 
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I ._ 200 400 600 , 800 1000 - 1200 1400 .I600 _ _  I_ 18 00. 

Figure 5. Condensation of various substances i n  the course of 
cooling of the  protoplanetary cloud of s o l a r  composition 

no magnetic coupling i s  assumed. 

region of the o r b i t s  of the most d i s t an t  planets  and continues i n  the  course 

of the subsequentcontraetionof t h e  protosun. The newly formed Sun has 

rapid ro ta t ion ,  which is then retarded as a r e s u l t  of powerful corpuscular 

emission, which ca r r i e s  away 10. - of i t s  mass. 

The separat ion of matter begins i n  the  

-4 

CONDENSATION IN THE CLOUD AND FRACTIONATION OF THE ELEMENTS 

The th ree  modern hypotheses on the  o r i g i n  of the  protoplanetary cloud l e a d t s  -_ 

very d i f f e r e n t  p ic tures  of i t s  formation, with d i f f e ren t  d i s t r ibu t ions  

of the  matter i n  the  cloud and with a d i f f e ren t  cooling his tory.  Without 
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Figure 6 .  Defic i t  of moderately v o l a t i l e  elements i n  chondrites of 
various types with respect t o  carboniferous chondrites of type I. 

making a choice among these  hypotheses i t  is  very d i f f i c u l t  t o  study how t h e  

condensation of t h e  dust  p a r t i c l e s  took p lace  i n  t h e  cloud, which i n i t i a l l y  

had a temperature of about 20OO0C and was  completely gaseous,, 
I 
L l  

i 
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However, without studying t h e  condensation process we cannot understand 

what determines t h e  chemical composition 

We must begin t h e  study of condensation i n  the  protoplanetary cloud without 

having any firm concept of i t s  formation. 

of t h e  Earth and the  meteorites. 
I 

Most of those inves t iga t ing  t h i s  process study equilibrium condensation, 

i n  which equilibrium between the  dust  particles and-the gas is  assumed. 

study by Lar imer  a l so  inves t iga t e s  condensation f o r  t he  case in  which the  

temperature drop w a s  so rap id  t h a t  t h e  dus t  p a r t i c l e s  were s t r a t i f i e d .  Matter 

which condensed on the  dust  p a r t i c l e  sur face  a t  a later t i m e  could not  d i f f u s e  

i n t o  t h e  p a r t i c l e .  

dus t  p a r t i c l e s  and the  gas, while t he re  w a s  not equilibrium i n s i d e  t h e  dus t  

p a r t i c l e .  

A 

Thus, t h e r e  w a s  equilibrium between t h e  sur face  of t h e  

However, t h e  American physical chemists Blander and Katz (1967) i n s i s t  

t h a t  w e  must study nonequilibrium condensation, i.e., condensation from t h e  

supercooled gas, when the re  is  no equilibrium betewen t h e  s o l i d  p a r t i c l e s  and 

t h e  gas and when p a r t i c l e s  with very marked d i f fe rences  i n  composition are 

formed. & d , a s  a matter of f a c t ,  i n  the  meteorites of t he  most pr imi t ive  

type which have not been subjected t o  fu r the r  thermal metamorphism t h e  

ind iv idua l  mineral p a r t i c l e s  have very d i f f e r e n t  composition:the .. minerals 

are not i n  thermodynamic equilibrium with one another. 

According t o  L a t i m e r  t h e  condensation proceeds as shown i n  Figure 5. A 

few, very nonvola t i le  substances condense: a t  a temperature of about 1800 - 
1900°C. Thanks t o  t h e  presence of hydro- 

gen, the i r o n  separa tes  i n  metallic form. 

1400OC. 
of a l l  t h e  matter which is capable at  a l l  of becoming s o l i d  i n  t h e  zone of 

p lane ts  of t h e  Earth type condenses. Ferrous s u l f i d e  forms on cooling t o  

600' C as a r e s u l t  of t h e  ac t ion  of hydrogen s u l f i d e  on t h e  metallic i r o n  

p a r t i c l e s ,  and then below 40OOC t h e  i r o n  rus t s :  water vapors lead  t o  its 

oxidation. 

I ron  condenses a t  about 1600OC. 

The silicates s o l i d i f y o n  cooling t o  

A t  t h e  time when t h e  temperature reduces t o  these  values about 90% 
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To da te  no one has s tudied the  e f f e c t  of s o l a r  corpuscular r ad ia t ion  on 

There is only the  rough estimate made the chemical processes i n  the  cloud. 

by Donn. 

I f  a l l  t h i s  energy were expended on chemical react ions 

be  formed, i.e., the  chemkal transformations would take  place i n  a mass 

of matter of the  order of t he  Sun’s mass. 

rad ia t ion  on the  protoplanetary cloud of f a r  smaller mass could be  qu i t e  

s ign i f icant .  

The energy radiated by the  youthful Sun amounts t o  ergs. 

molecules could 

Thus, the  chemical e f f e c t  of t h i s  

”. 

To date  t h e  question has not been answered of t he  s tage a t  which fract ion-  

a t ion  of the  elements takes place. 

contain elements i n  thequantitiescorresponding t o  t h e i r  chemical abundance, 

while i n  meteorites of o ther  types some d e f i c i t  of these  elements is observed 

(Figure 6). 

There are types of stony meteorites which 

The carboniferous chondrites of type I contain a l l  the elements i n  t h e i r  

cosmic abundance. 

matter consis t ing of hydrated silicates. They have no metallic i ron  ( a l l  the  . 
i r o n  is oxidized) and the re  are various organic compounds. 

chondrites of types I1 and I11 a l so  contain minerals 

pyroxene, and some metallic iron. 

The meteorites of t h i s  type a r e  formed of fine-grained 

The carboniferous 

such as o l iv ine ,  

I f  w e  t ake  the  content of the  elements i n  the  carboniferous chondrites 

of type I as uni ty ,  then the  deficiency of about 30 mdderately v o l a t i l e  elements 

i n  the  carboniferous chondrites of types I1 and I11 and i n  the ordinary 

chondrites is  as shown i n  Figure 6. According t o  Anders, a w e l l  known 

meteorite expert ,  the  curves f o r  the  carboniferous chondrites of types I1 and 

I11 give a bas i s  t o  be l ieve  tha t  

t o  the same degree. On t h i s  bas i s  he concludes t h a t  the carboniferous chondrites 

of types I1 and I I Iarea mixture of type I chondrite matter with some other  

substance -- a higher temperature f r ac t ion  containing metallic i ron,  o l iv ine ,  

and pyroxene. I n  the  ordinary chondrites,  consis t ing bas ica l ly  of o l i v i n e  

and pyroxene and containing a l a r g e  number of metallic inclusions t h e  d e f i c i t  

elements of d i f f e r e n t  v o l a t i l i t y  are l o s t  

\ 
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of these elements is much higher. 

s t r a i g h t  l i n e  through the points  and consider t ha t  a l l  the elements are l o s t  

But then, w e  can not draw a horizontal  

t o  the same degree, and therefore ,  the  two-component Anders scheme is appl icable  

t o  the  ordinary chondrites only with a l a r g e  number of a r t i f i c a l  assumptions.'' , . - ^- 

The Austral ian geophysicist  Ringwood suggests t h a t  the d e f i c i t  appeared 

not  a t  the t i m e  of condensation, but  i n  the  i n t e r i o r s  of the  parent bodies of 
t h e  meteorites.  

It is very important t h a t  i n  addi t ion t o  the d i f fe rence  i n  the  content - /30 
of the moderately v o l a t i l e  elements there  i s  a l a r g e  difference i n  the  i ron  

content i n  the d i f f e ren t  groups of meteorites. In  Figure 7,  t he  i r o n  oxide 

content is  p lo t ted  along the abscissa,and the meta l l ic  

content is p lo t t ed  along t h e  ordinate.  

same and the  only question w a s  the r e l a t i v e  amount of reduced and oxidized i ron,  

t he  points  would l i e  along a s t r a i g h t  l i n e  with a s lope  of 45O. 
w e  encounter groups of chondrites which contain an obviously d i f f e r e n t  amount 

of iron. 

and s u l f i d e  i ron  

I f  the ove ra l l  i ron  content were the  

In ac tua l i t y ,  

Unfortunately, we do not know how t h i s  separat ion took place. 

The question of the  i r o n  i n  meteorites a l so  has other  aspects.  There is 

about 25% i ron  i n  the  meteorites,  o r  several t i m e s  more than i n  the  s o l a r  

photosphere. With regard t o  the nonvolat i le  elements, which make up the l a r g e r  

portion of the meteorites,  they amount t o  .only about 6% of the photosphere-- 

why w e  do not know. 

The i ron  content i n  the so l a r  corona i s  grea te r  than i n  the  photosphere, 

and Cameron considers t h a t  the metals, including i ron ,  are car r ied  out i n t o  

t h e  corona by selective l i g h t  pressure and are l o s t  together with the  

s o l a r  wind. As a r e s u l t  the s o l a r  photosphere is def ic ien t  i n  the  metals and 

i r o n s  while t he  meteorites show the  cor rec t  cosmic abundance of iron. 

Urey and Arnold argue against  t h i s  idea. They be l ieve  t h a t  the  s o l a r  wind 

carries away t h e  chemical elements i n  the normal s o l a r  proportions and assume 
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1- Oxidized i ron ,  w t .  %. 
. -  

Figure 7. Relationship between content of oxidized 
i r o n  and i ron  i n  metal and s u l f i d e  forms i n  chondrites, 
ind ica t ing  the  separat ion i n t o  individual  groups and 
va r i a t ions  wi th in  the  groups (Mason, 1962) a 

- * $ 1  e - e n s t a t i t e  chondrites 
A - ol iv ine-bronzi t i t e  chondrites 
x .  - olivine-hypersthene chondrites 
cj - olivine-pigeonite chondrites 
0 -carboniferous chondrites 

t h a t  the  s o l a r  corona is enriched with iron as a r e s u l t  of the f a c t  t h a t '  

matter of meteor i t ic  type, t h e  matter of t h e  zodiacal l i g h t ,  is being 

sca t te red  i n t o  the  corona a l l  the  time. 

t h e  r e s u l t  being i ron  enrichment. 

In  the  corona t h i s  matter is vaporized,, 

S t i l l  more complex is  the  question of t he  i ron  content i n  the  p lane ts  of 

the  Earth group. E s t i m a t e s  of the  i r o n  f r ac t ion  i n  the Earth and Venus 
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depend s ign i f i can t ly  on whether o r  not the  old hypothesis of the "iron" core 

of the Earth(2) is  adopted of the  Lodochnikov-Ramsey hypothesis on a core made 

up of metall ized s i l i c a t e s .  

f ind  tha t  even i f  w e  exclude Mercury w e  have a d i f fe rence  of a t  least a 

fac tor  of s i x  i n  the  content of the  iron-nickel-sil icon a l loy  and a d i f fe rence  

I f  we use the "iron" Earth core hypothesis, we 

of a f a c t o r  of 1.5 i n  the  overal  i ron  content as an element (see columns 1 and 

2 of Table 2). 

TABLE 2. IRON CONTENT I N  PLANETS OF THE EARTH GROUP ( in  mass %) 

i Data based on the hypothesis 
of the  "iron" Earth core 

Data based on the  hypoth 
esis of t he  Earth 's  core 
consis t ing - of - _- metall ized ___..__ 
s iGcat es 

i 
a 2 3 4 

I-  

Mercury 63 57 60 55 
39 0-25 27-40 Venus 26 

Earth 31.5 42 0-2 25-27 
Moon 5 28 0 25 
Mars 19  35 0-5 30 

NOTE: 1) Content of Fe, N i ,  S i .  2) Same data,  converted approximately t o  . 
the  ove ra l l  i r o n  content under the  assumption tha t  t he  i ron  content 
i n  the  silicates is 25%. 3) Metal l ic  nickel i ferous i ron  content. 
4) Same data  converted approximately t o  the ove ra l l  i ron  content under 
the  assumption t h a t  i ts content i n  the silicates is 25%. ! 

(2) After the experiments on impact cont iact ion of i ron  and nickel- 
i fe rous  i ron ,  made by Al ' tshuler  et. a l .  , (UFN [Advances i n  the  Physical 
Sciences], Vol. 85, No. 2, 1965, p. 197), the adherents of the  hypothesis on 
the  "iron" core of the  Earth 
nickel i ferous i ron,  r a the r  they assume some admixture of s i l i c o n ,  which 
reduces the  densi ty  of t h i s  a l loy  and br ings t h i s  value i n t o  agreement with 

no longer be l ieve  t h a t  t h i s  core cons is t s  of 

the  geophysical data. ... 
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However, i f  we use the sumption th  t the Earth 's  core cons is t s  of metal- 

l i z e d  s i l i c a t e s  we can obtain a more encouraging picture .  

d i f f e ren t  amount of metallic nickel i ferous i ron  and, correspondingly, with 

d i f f e ren t  content of i ron  as an element, are admissible f o r  Venus. 

i f  we take f o r  Venus 'models without a s ign i f i can t  i ron  core,  then we f ind  

t h a t  Venus, the  Earth, Moon, and Mars can have similar composition, d i f f e r ing  

only s l i g h t l y  (as f o r  the  meteorites) with regard tcr the  i ron  content. 

Models with a very 

But, 

While w e  can br ing the  da ta  f o r  Venus, Earth, Moon, and Mars i n t o  agree- . 
ment, nothing can be done with Mercury, whose high densi ty  ind ica tes  t h a t  it 

contains about 60% nickel i ferous i ron ,  i.e., 50 - 55% of the  i ron  as an 

element. 

temperature of the  dust  matter i n  the  zone where Mercury was  formed did 

not  descend t o  4OOOC; therefore  the  i ron  remained i n  the  metallic state and 

This is  not similar t o  any of the  other  planets.  It appears t h a t  t he  - /32 

i ts  magnetic propert ies  showed up i n  p re fe ren t i a l  accumulation of t h e  i ron  

dust  pa r t i c l e s .  

PROBLEMS OF THE ACCUMULATION OF THE GIANTS 

The planets  of the  terrestrial group are small and they cannot throw 

matter from the zone of i t s  fanmation by t h e i r  own perturbations.  

a l l  the  s o l i d  matter which exis ted i n  the formation zone of the p lane ts  of 

t he  Earth group entered i n t o  the composition of these planets.  I n  the  

g ian ts  the  p i c tu re  is d i f fe ren t .  

by t h e i r  own perturbat ion throw some amount of matter beyond the limits of t he  

planetary system. 

P rac t i ca l ly  

Their masses are so l a r g e  t h a t  they could 

I f  w e  assume t h a t  i n  the  zone of Uranus and Neptune there  w a s  only t h a t  

matter which today makes up the  composition of these p lane ts ,  then a time 

exceeding the  age of the  s o l a r  system would have been required f o r  t he  

accumulation of Uranus and Neptune. 

considerably more matter i n  t h a t  zone can we obtain an acceptable durat ion 

Only by assuming t h a t  i n i t i a l l y  the re  w a s  

21 



22 

Figure 8. Photograph 

existence of continents 
and maria regions on 
the lunar surface. 

of Moon showing 
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Figure 9. Ci rcu lar  Sea of Moisture. On i ts  surface, as on t h e  sur face  of t h e  
o ther  maria, the re  are very few craters. 

of t he  accumulation t i m e .  I n  the  g ian ts  zone the  s o l i d  bodies had an ice 

composition, and the  e j ec t ion  of bodies from t h i s  zone was  at  t h e  s a m e  t i m e  

t h e  process of t he  formation of t h e  cloud of cometary nuc le i  which a t  the  

present t i m e  surrounds t h e  s o l a r  system. 

t o  150,000A.U.and serves as a source f o r  t h e  comets which are 

It extends t o  a d is tance  of 100,000 

observed today. 

Thus, even i n  t h e  framework of t h e  purely mechanical formulation of t h e  

question of t h e  accumulation of t h e  p lane ts  from s o l i d  matter, t h e  process 

of the  formation of t h e  g i an t s  is considerably more complex than t h e  process of 

t h e  accumulation of t h e  p lane ts  of t h e  Earth group. 

However, J u p i t e r  and Saturn contain a tremendous amount of hydrogen. I n  

order f o r  the hydrogen t o  freeze and appear i n  t h e  composition of t h e  p lane ts  

23 



i n  the  s o l i d  s ta te  i t  is necessary t o  reduce the  temperature of t he  outer  p a r t s  

of the  protoplanetary cloud t o  4 - 5'K. This seemed l i k e  a p o s s i b i l i t y ,  s ince  

t h e  outer  p a r t  of t he  cloud w a s  shielded from t h e  s o l a r  rays by the  inner  par t .  

However, i n  recent  years i t  has been found t h a t  t he re  is  helium i n  t h e  atmos- 

phere of J u p i t e r ,  which could not i n  any way ge t  i n t o  t h e  s o l i d  state i n  the  

protoplanetary cloud. 

s o l i d  and gaseous matter. 
s t age  of the  accumulation of t h e  s o l i d  matter the  p l i n e t  t r a n s i t i o n s  t o  t h e  

regime i n  which it is capable of beginning t o  absorb gaseous matter i n t o  itself 

as w e l l .  

Thus, J u p i t e r  and Saturn were accumulated from both 

Unfortunately, i t  is not e n t i r e l y  clear a t  what 

It is  q u i t e  poss ib le  t h a t  t he  mass a t  which t h e  accumulation of gases 

begins i s  less than t h e  mass of t h e  Earth. I f  t h i s  is confirmed, then i n  

order t o  expla in  why t h e  Earth does not have i t s  primeval atmosphere it w i l l  b e  

necessary t o  assume t h a t  by t h e  end of the accumulation of t h e  Earth t h e  gas 

had already d i s s ipa t ed  from the  Earth' s "feeding zone. '' 

DIFFERENTIATION OF THE MOON 

It i s  w e l l  known t h a t  on the  Moon t he re  are l i g h t e r  regions which are 

densely strewn with craters and darker lowlands on which the re  are considerably 

fewer craters (Figure 8), The lowlands have been termed seas and t h e  l i g h t  

regions are termed continents. 

t h a t  t he  seas were formed by ef fus ive  lava, although t h e r e  has been no real 

Most of t h e  Moon researchers have long assumed 

proof of t h i s  and therefore ,  we cannot ca tegor ica l ly  reject the  hypothesis of 

Gold, who considered t h a t  t h e  seas were depressions f i l l e d  with f i n e  dust. 

The number of craters on t h e  seas corresponds w e l l  with expectations based 

on estimates of t h e  frequency of impacts on t h e  sur face  of t h e  Moon of small 
as t e ro ids  and cometary nuc le i  which f l y  i n t o  t h e  region of t h e  Earth's o rb i t .  

The observed craters could have been formed during t h e  t i m e  of t h e  existence of 

t h e  seas, amounting t o  2 - 3 b i l l i o n  years. 
, 
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But, on t h e  continents there  are so many craters tha t  they could not have 

been formed during the  e n t i r e  time of existence of the  Moon with t h i s  same c r a t e r  

formation rate (Figure 9) .  
e n t i r e  s o l a r  system does not exceed f i v e  b i l l i o n  years,  i .e.,  t h i s  age is  only 

t w i c e  t h a t  of t h e  lunar  seas. 

the  adherents of the  impact o r ig in  of the c ra t e r s ,  considered the cont inents  

t o  be remnants of t he  primeval outer  layer  of the Moon, ”. strewn with craters 

i n  the  f i n a l  s tage  of its accumulation. 

American inves t iga tor  Marcus, the density of the  craters on the continents 

corresponds t o  sa tura t ion  and cannot be increased by fu r the r  bombardment: 

t he  number of craters destroyed i n  t h i s  process would equal the  number of 

newly formed cra te rs .  

After a l l ,  t he  age of t he  Moon and the  age of the  

Therefore, many Moon researchers,  pa r t i cu la r ly  

According t o  the  estimate of t he  

However, along with these viewpoints there  have a l s o  been the assumptions 

t h a t  the  lunar  continents,  l i k e  those on t h e  Earth, cons is t  of g ran i t e  rocks. 

There has been more uni ty  of the  views with regard t o  the  composition of the  
- 

seas: near ly  a l l  the inves t iga tors  have considered t h a t  they are composed of 

b a s a l t i c  lava, s ince  t h i s  lava is  f a r  l e s s  viscous than g ran i t e  lava  and there- 

f o r e  could spread out over tremendous areas. 

Direct measurements of the  composition of the lunar  surface l aye r ,  f i r s t  

made by Academicians Vinogradov and Surkov with the  a i d  of the Soviet automatic 

s t a t i o n s  Luna-10 and Luna-12, provided remarkable confirmation of the hypotheses 

on t h e  b a s a l t i c  composition of the lunar  continents.  

w a s  i n  agreement with the  hypothesis t ha t  the  continents are made up of 

primeval granular matter which has not been replaced by lava pouring out  of the  

i n t e r i o r  of t he  Moon. 

The la t ter  composition 

Theoretical  calculat ions of the  thermal h i s to ry  of the Moon, made by - I 3 4  
Maeva under the  d i rec t ion  of the  present  author,  have shown t h a t  heating by 

radioact ive elements could have caused melting of a considerable port ion of t h e  

lunar  i n t e r i o r  (Figure 10). Formation and upwelling of the  lava 2 - 3 b i l l i o n  
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Figure 10. Heating of t h e  Moon by long-lived rad ioac t ive  
elements (U, Thy k).  Region of melting temperatures is 
shaded. 
formation of t h e  Moon, accompanied by d i f f e r e n t i a t i o n  of 
t h e  matter i n  t h e  i n t e r i o r  of t he  Moon and emergence of 
t h e  l a r g e r  por t ion  of t h e  radioactive elements t o  t h e  
su r face  (ca lcu la t ion  by S. V. Mayeva). I 

Melting occurred two mi l l ion  years  a f t e r  t h e  

years ago created conditions favorable f o r  outpouring of t h e  lava. However, 

judging by t h e  s t r u c t u r e  of t he  lunar  sur face  t h e  outpouring of t h e  l a v a  d id  

not ,  as a ru l e ,  take place spontaneously,but r a the r  as a r e s u l t  of impacts 

of l a r g e  bodies, which l e d  t o  sinking of t he  surrounding regions and t h e  

formation of c i r c u l a r  maria. The rare spontaneous outpouring of lava o r  its 

spreading beyond the  l i m i t s  of t h e  c i r c u l a r  maria l e d  t o  the  formation of maria 

of i r r e g u l a r  form. 

active elements, upwelling of t h i s  lava and breakthrough t o  the  sur face  

f a c i l i t a t e d  the escape i n t o  space of t h e  heat released by the rad ioac t ive  ele- 

ments. 

Since b a s a l t i c  lava is  markedly enriched with radio- 

This l e d  t o  t r a n s i t i o n  of t h e  Moon from hea t ing  t o  cooling (Figure ll), 
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Figure 11. Cooling of t he  Moon. Emergence of radio- 
ac t ive  elements t o  the surface f a c i l i t a t e d  d i f fus ion  
tnto space of t h e  heat  released by the  elements and 
t r a n s i t i o n  of the  Moon from heating t o  cooling (cal- 
culat ion by S. V. yayeva). 

- _ _  

which occurred 2 - 3 b i l l i o n  years ago. 

f o r  lava outpouring do not now e x i s t  on the  Moon. 

The previous favorable conditions 

A t  f i r s t  glance everything seems to  be q u i t e  c l e a r  and there  is no bas i s  

f o r  l i s t i n g  the  problem of lunar  d i f f e ren t i a t ion  among the  number of unresolved 

problems. Unfortunately, t he re  is  a bas i s  f o r  doing so. 

F i r s t  of a l l ,  i t  is s t i l l  not c l ea r  why the  lava outpourings do not cover 

the  e n t i r e  lunar  surface,  why there  are st i l l  regions i n  the  form of continents 

which are remnants of the  primeval outer  layer .  The s o l i d  silicates are more 
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dense than molten silicates of the same composition, and the partial retention 
of the primeval outer layer indicates some as yet not very clear peculiarities 
of the lunar outer layer composition and structure, which have made the 
primeval layer lighter in weight than the basaltic magmas which have risen 
from below. 

Secondly, radio astonomical measurements of the temperature of the lunar 
surface layer, made by Troitskiy, and hisco-workers,have led to the conclusion 
that there is a large heat flux from the interior of the Moon -- so large that 
even at the present time incandescent matter may be located at very shallow 
depths. 
from hydrostatic equilibrium. 

But, this is not compatible with the deviations of the lunar figure 

On the other hand, observations of the magnetic fields in the vicinity of 
the Moon made by American investigators (Ness et. al.) led them to precisely 
the opposite conclusion, that the interior of the Moon must have low electrical 
conductivity and,therefore, must be relatively cold. So cold that it is not 
clear how to explain the differentiation of the lunar interior, which shows 
up in the existence of the basaltic maria. 

It is these contraditions which form the basis for including the problem 
of lunar differentiation among the list of unresolved problems. 

I would like to conclude with the point with which I started: the 
clarification of the nature of the matter from which our planetary system was 
formed, the clarification of the basic features of the process of the planetary 
system formation, provides a basis for a very optimistic evaluation of the 
future development of planetary cosmogony. The combination of theoretical 
investigations, observations from the Earth, and cosmic experiments is leading 
to a situation in which those problems which at the present time must be 
considered unresolved will one by one move over into the category of resolved 
problems. UDC 523.40 
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